Tumor necrosis factor-(TNF) production by peritoneal macrophages and its dietary modification were investigated by using rats fed on a low-protein diet. The rats were given a 20% casein (control) diet or a 3% casein diet for 21 days, and TNF production was measured in activated macrophages of these animals. TNF production was significantly lower in macrophages from rats fed on the low-protein diet than that in macrophages from rats fed on the control diet. Oral administration of a cabbage extract, a known modulator of TNF production, to the low-protein-diet-fed rats significantly enhanced TNF production by macrophages. Glutamine supplementation to the low-protein diet significantly enhanced TNF production as well as TNF mRNA expression. These results indicate that the 3%-casein-diet-fed rat would be useful as a model for reduced TNF production in protein malnutrition. These results also suggest that glutamine administration restored the reduced TNF production associated with protein malnutrition.
Dietary protein deficiency has been demonstrated to impair many aspects of specific and nonspecific host immune systems and to increase susceptibility to infections. 1) Several studies have indicated that protein malnutrition downregulated the function of immune cells, 2) including macrophages. 3, 4) Activated macrophages play important roles in antibacterial responses not only by bacterial phagocytosis but also by producing various cytokines, including tumor necrosis factor-(TNF), interleukin (IL)-1 and IL-6. 5) However, the production of these cytokines is reduced by dietary protein deficiency. 4) Some dietary factors have been reported to enhance TNF production by activated macrophages. We have shown that the oral administration of a cabbage extract enhanced TNF production by lipopolysaccharide (LPS)-stimulated macrophages 6) and increased the TNF level in the serum of LPS-treated rats. 7) However, there is as yet no information on whether cabbage extract administration can restore the reduced TNF production associated with protein malnutrition.
L-Glutamine (Gln) has been reported to increase the production of TNF, IL-1 and IL-6 by cultured macrophages. [8] [9] [10] Thus, Gln, which is regarded as a nonessential amino acid, is considered to be a necessary nutrient for the immune system. However, little is known about the influence of dietary Gln supplementation on the reduced TNF production associated with protein malnutrition.
In the present study, to obtain information on the dietary modification of TNF production, we developed a model for reduced TNF production by feeding a lowprotein diet to rats, and investigated the effects of a cabbage extract and Gln administration on TNF production in this experimental model.
Materials and Methods
Animals and diets. All animal experiments were conducted in accordance with the guidelines established by the Animal Care and Use Committee of Tokyo Noko University. Male Donryu rats were obtained from NRC Haruna (Gunma, Japan). They were kept on a stock pellet and a 20% casein diet (20C) ad libitum in an airconditioned room with an 8:00 a.m. to 8:00 p.m. light cycle. Rats of 5 weeks of age were used in all experiments. In experiment 1, the rats were divided into four groups of similar body weights: the first group was given the 20C diet, the second group a low (3%)-casein (3C) diet, the third group a 5% Gln-supplemented 3C (3C+ Gln) diet and the fourth group a 5% L-glutamate (Glu)-supplemented 3C (3C+Glu) diet for 21 days. In experiment 2A, the rats were divided into two groups: one group was given the 20C diet and the other group the 3C y To whom correspondence should be addressed. Fax: +81-42-367-5713; E-mail: yagasaki@cc.tuat.ac.jp Abbreviations: 20C, 20% casein; 3C, 3% casein; Gln, L-glutamine; Glu, L-glutamate; LPS, lipopolysaccharide; RT-PCR, reverse transcriptionpolymerase chain reaction; TNF, tumor necrosis factor-diet for 21 days. In experiment 2B, the rats were given the 3C diet for 21 days, and then divided into two groups: one group was orally given a 50% cabbage extract and the other group distilled water at 9:00 a.m.; both groups were sacrificed 4 h later. The cabbage extract was prepared from washed cabbage and an equal weight of water in a mixer, the contents being homogenized and centrifuged. The supernatant was passed through Toyo No. 2 filter paper as described previously 6) and orally given (2 ml/100 g body weight). In experiment 3, the rats were divided into three groups: the first group was given the 3C diet, the second group the 3C+Gln diet and the third group the 3C+Glu diet for 21 days. In experiment 4, the rats were divided into two groups: one group was given the 3C diet and the other group the 3C+Gln diet for 21 days. The compositions of all the diets are indicated in Table 1 . In all these experiments, the rats were deprived of their diets at 9:00 a.m. on the scheduled days, but allowed free access to water until their sacrifice by decapitation 4 h later. To analyze the plasma amino acid concentrations in experiment 1, blood was collected in a heparinized syringe to obtain plasma, and thereafter collected in a non-heparinized tube to obtain serum for the other measurements. To examine TNF production and mRNA expression in experiments 2-4, resident peritoneal macrophages were isolated and cultured as described later.
Analysis of the plasma amino acid concentrations. Blood samples were centrifuged at 3,000 rpm for 20 min, and plasma was separated from the samples. The plasma amino acid concentration was evaluated with an automated L-8500 amino acid analyzer (Hitachi, Tokyo, Japan).
Analyses of serum proteins and lipids. The serum total protein (T-protein) and albumin levels were measured with commercial kits (Wako Pure Chemical Industries, Osaka, Japan), the difference between the T-protein and albumin levels being regarded as the globulin level. The serum total cholesterol (T-Ch) and triglyceride (TG) levels were measured with commercial kits (Wako Pure Chemical Industries).
Isolation and culture of resident peritoneal macrophages. Resident peritoneal macrophages were harvested from the rats by lavage of the peritoneal cavity with RPMI 1640 medium (Nissui Pharmaceutical Co., Tokyo, Japan), containing 100 units/ml of penicillin G, 100 mg/ml of streptomycin and 2 mM L-Gln (all three from Wako Pure Chemical Industries) as described previously.
6) The RPMI 1640 medium was prepared in endotoxin-free water (Hikari Pharmaceutical Co., Tokyo, Japan) and used for injection. The cells were washed twice with the medium at 4 C, and then resuspended in RPMI 1640 supplemented with 10% fetal calf serum (JRH Biosciences, Lenexa, KS, USA). To examine the TNF production and mRNA expression, cells were respectively seeded at 1 Â 10 6 cells/well or 5 Â 10 6 cells/well into 6-well plates (Nunclon, Roskilde, Denmark) and incubated at 37 C in 5% CO 2 /95% humidified air. After 2 h, the nonadhering cells were removed by washing three times with RPMI 1640, and the adhering cells were incubated for another 3 h in the presence of 1 mg/ml of lipopolysaccharide (LPS, from Salmonella typhimurium, obtained from Sigma Chemical Co., St. Louis, MO, USA). At the end of the incubation, the culture supernatant and cells were respectively measured for the TNF production and mRNA expression level. The DNA content of the adhering cells (macrophages) was measured according to the procedure of Brunk et al.
11)
TNF assay. The TNF activity in the culture supernatant was measured by an in vitro cytotoxic assay with L929 mouse fibroblasts as described previously. 12) Briefly, L929 cells (obtained from RIKEN Cell Bank, Tsukuba, Japan) were plated into 96-well plates (Nunclon) at 1:5 Â 10 4 cells/well and incubated for 20 h. Serially diluted samples or recombinant murine TNF-(Wako Pure Chemical Industries), as an internal standard, and 1 mg/ml of actinomycin D (Sigma Chemical Co.) were added to each well, and the plates were further incubated for 20 h. The culture supernatant was then removed with a paper towel, and the viable cells stained with 0.2% crystal violet (Wako Pure Chemical Industries) in 2% ethanol for 10 min. The cells were solubilized with 50 mM NaH 2 PO 4 in 50% ethanol, and the absorbance at 595 nm of each well was measured.
RNA isolation and RT-PCR analysis. Total RNA was isolated by the acid guanidium isothiocyanate-phenolchloroform method. 13) Total RNA (100 ng) was annealed with 1 mM random primer and reverse-transcribed with SuperscriptÔ reverse transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Reverse-transcribed cDNA encoding rat TNF and 2 -microglobulin were amplified by the polymerasechain reaction (PCR). The oligonucleotide primers used for TNF 14) and 2 -microglobulin 15) were 5 0 -ATGAGC-ACAGAAAGCATGATC-3 0 (sense) and 5 0 -CATATGT-CACAGAGCAATGACTCCAAA-3 0 (antisense), and 5 0 -TCAGATCTGTCCTTCAGCAA-3 0 (sense) and 5 0 -TC-ACCTGGGACCGAGACATG-3 0 (antisense), respectively. PCR was performed in 10 ml of a PCR buffer containing dNTP, MgCl 2 , Taq polymerase (all from Takara Shuzo Co., Shiga, Japan), and the indicated sense and antisense primers. The reaction was carried out under the following conditions: denaturation, 95 C for 2 min; followed by 30 cycles of 95 C for 1 min, 55 C for 1 min, and 72 C for 1 min 30 sec. The PCR products were subjected to agarose gel electrophoresis (1.5%), stained with ethidium bromide, and analyzed by NIH image software for Macintosh.
Statistical analysis. Data were expressed as the means AE standard error of the mean (SEM). Differences between two groups (in experiments 2 and 4) were analyzed by Student's t-test. Multiple comparisons (in experiments 1 and 3) were performed by a one-way analysis of variance (ANOVA) followed by Dunnett's multiple-comparison test; p values of less than 0.05 were considered significant.
Results
Influences of the low-protein diets on the growth, serum protein and lipid levels, and plasma amino acid concentrations
We first examined in experiment 1 the effects of the low-protein (3C) diet and supplementation of Gln or Glu to the 3C diet on the growth of the rats, serum protein and lipid levels, and plasma amino acid concentrations. As shown in Table 2 , the food intake and body weight gain of the 3C, 3C+Gln and 3C+Glu groups were significantly less than those of the 20C group. The absolute and relative liver and spleen weights of these three groups were also significantly lower than those of the 20C group. The serum albumin and T-protein levels were significantly lower in these three groups, whereas the serum globulin level did not change; thus, the albumin/globulin ratio was significantly lower in the three groups fed on the low-protein diets. Although no change in the serum T-Ch level was observed, the serum TG level significantly decreased in the rats fed the lowprotein diets. The plasma amino acid concentrations are shown in Table 3 . The concentrations of most of the essential amino acids were significantly lower in the three groups fed on the low-protein diets than those in the 20C group. Conversely, the concentrations of most of the non-essential amino acids did not differ among the groups, or were higher in the three groups fed on the low-protein diets than in the 20C group. The plasma Gln level was significantly higher in the 3C+Gln group than that in the 3C group.
Influence of the low-protein diet on TNF production and its modification by administering the cabbage extract
We next examined in experiment 2A the effect of the low-protein (3C) diet on TNF production by macrophages. TNF production by resident peritoneal macrophages stimulated with LPS is illustrated in Fig. 1A ; the production in the 3C group was nearly half that in the 20C group, the difference being significant. This result clearly indicates that the 3C diet could repress TNF production by LPS-stimulated macrophages. This model was then used to examine in experiment 2B whether an oral administration of the cabbage extract could restore the reduced TNF production. A single oral administration of the extract significantly enhanced the TNF production (Fig. 1B) .
Influences of Gln and Glu supplementation to the lowprotein diet on the TNF production and TNF mRNA expression
Having confirmed the usefulness of the 3C-fed rats, we investigated in experiment 3 the effects of Gln and related amino acid Glu supplementation to the 3C diet on TNF production. Gln supplementation to the 3C diet significantly enhanced TNF production when compared with the use of the 3C diet alone, whereas Glu supplementation only enhanced it slightly ( Fig. 2A) . This result suggests that the dietary supplementation of Gln, and not Glu, restored TNF production. In experiment 4, we examined the effect of Gln on the TNF mRNA expression by RT-PCR. As shown in Fig. 2B , the TNF mRNA expression level of the 3C+Gln group was markedly higher than that of the 3C group.
Discussion
Activated macrophages have important roles in antibacterial response by producing such cytokines as TNF, so an impairment of their functions would lead to susceptibility to bacterial infections. 5) In the present study, we aimed to develop an animal model of reduced TNF production by macrophages in the protein-malnourished state, and to apply this model to estimate the influence of food components on the reduced TNF production.
Significant differences in the plasma amino acid concentrations of the rats fed on the low-protein (3C) diet and Gln-and Glu-supplemented 3C diets were apparent; these rats, as expected, displayed a lower body weight gain and serum albumin level than the rats fed on the control (20C) diet. In the three groups fed on the low-protein diets, the concentrations of most of the essential amino acids were lower, whereas those of the non-essential amino acids were higher or unchanged than those of the 20C group. These differences have generally been observed during protein malnutrition in humans 16) and rats, 17) indicating that the 3C diet caused protein malnutrition.
TNF production by LPS-stimulated resident peritoneal macrophages in the protein-malnourished rats fed on the 3C diet was significantly lower than that in the Ã Significantly different from the control (3C) group at p < 0:05 by Student's t-test. rats fed on the 20C diet. The cabbage extract used with this model, which had been reported to increase TNF production by macrophages from protein-well-nourished rats when orally given, 6) was also found to enhance TNF production by macrophages from protein-malnourished rats. These results indicate that the 3C-fed rats are useful for studying the influence of food components on the reduced TNF production associated with protein malnutrition. The effective components in the cabbage extract have not been identified. Kunizane et al. have reported that some flavonoids of glycosylated form could induce TNF production in mice. 18) Brassica vegetables contain indole-derived compounds, and these compounds have been reported to non-enzymatically react with L-ascorbic acid to produce ascorbigen (ASG) in damaged plants and during food processing. N-methyl-ASG has been reported to stimulate cytotoxic T lymphocytes. 19) Thus, these flavonoids and indole-derived compounds are candidates for the effective component(s) in cabbage. Further identification studies are needed.
Gln is utilized at a high rate by macrophages, 20) and has been shown to be necessary for the production of such cytokines as TNF, IL-1 and IL-6 by cultured macrophages and monocytes. [8] [9] [10] In addition to in vitro observations, increasing the amount of Gln in the diet has been found to enhance the production of TNF, IL-1 and IL-6 by LPS-stimulated murine peritoneal macrophages. 21) Thus, dietary Gln supplementation is thought to influence the functions of macrophages due to its enhancing effect on cytokine production. Although the findings just mentioned have been observed in macrophages from well-nourished animals, we hypothesized that dietary Gln supplementation would restore the reduced TNF production associated with protein malnutrition. We therefore examined the effect of dietary Gln supplementation to the low-protein (3C) diet on TNF production by activated macrophages. TNF production was significantly enhanced by supplementing Gln to the 3C diet. This increase in TNF protein was associated with enhanced TNF mRNA expression; the TNF mRNA expression level was markedly higher in the 3C+Gln group than in the 3C group. Since the TNF mRNA expression level in macrophages has been reported to be lower in protein-malnourished animals, 22) our present results suggest that dietary Gln supplementation to the 3C diet would restore TNF mRNA expression and TNF production in macrophages.
Gln metabolism initiated by glutaminase, which catalyzes the conversion of Gln to Glu and ammonia, is important for macrophage functions. Macrophages have high glutaminase activity and high glutamine utilization rate. 23, 24) Murphy and Newsholme 10, 25) have suggested that Gln metabolism is essential for macrophage functions, including TNF production. From these observations, Gln breakdown or Gln metabolites seem to be necessary for macrophage functions and hence TNF production. However, the supplementation of Glu, a Gln metabolite, to the 3C diet had little increasing effect on TNF production compared with that of Gln in this study. Although Glu is the most abundant intracellular amino acid and is important for cell functions at a comparable level to Gln, it is hardly transported into the cells because of the low density of transporters capable of transporting Glu. 26) These previous findings are consistent with the present results showing that Gln supplementation to the 3C diet was more effective in enhancing TNF production than Glu supplementation and that the plasma Gln concentration was only increased in the Gln-supplemented group among the rats fed with the 3C, 3C+Gln and 3C+Glu diets (Table 3) . However, the possibility of a non-specific nitrogen effect cannot be excluded, because the Gln-supplemented 3C diet contained more nitrogen than did the 3C and Glusupplemented 3C diets. Further studies including, for instance, the use of a 3C diet supplemented with other non-essential amino acids to make the diet isonitrogenous to the Gln-supplemented diet, are necessary to clarify this aspect. In summary, we developed a rat model for reduced TNF production in the state of protein malnutrition. Using this model, the administration of a cabbage extract or Gln was found to restore the reduced TNF production, indicating that a dietary modification such as the cabbage extract or Gln administration can restore the reduced TNF production associated with protein malnutrition.
